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The increasing contribution of intermittent renewable energy sources to the electrical grid 
is resulting in energy storage becoming more and more crucial to both improve grid stability and 
to enable increasing penetration of renewable in electrical generation. There are numerous 
number of technologies being considered for that purpose and redox flow batteries are 
considered one of the most promising designs for stationary energy storage due to their 
scalability, high-efficiency and decoupled control of energy and power. To prevent the crossover 
of energy carriers between anolyte and catholyte compartments of the flow battery, as one 
example, the redox active ethyl viologen agent has been covalently bound within crosslinked 
polymeric colloids. 
 Little is currently known about how electrons (energy) transfers either within or between 
redox active colloids (RAC). To elucidate this, contact-mediated electron transfer between these 
redox active colloids (RAC) was characterized via confocal microscope using the intrinsic redox 
state-dependent electrofluorochromism of the RACs as the readout of the charge state of 
individual colloids. Via this approach, it was possible to map the redox-state of the system. By 
means of coupling a distinct fluorescent contrast with the respective redox state, intra- and inter- 
colloid energy transfer processes were reversibly imaged in situ, during electrochemical cycling. 
A three electrode in-situ cell setup was used for the cycling in which a Pt electrode used as the 
working electrode, carbon was used as the counter electrode and Ag/AgCl was used as the 
reference electrode. The system also showed a considerably increased sensitivity to fluorescence 
quenching. Investigation of the amplified sensitivity was done and this was attributed to fast 
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CHAPTER 1: INTRODUCTION 
 
Over the past decades, energy and environmental issues have been recognized as two 
major challenges for humanity. The development of technology in electronics and electric 
vehicles, the rising level of pollution, and the increase of population require more and more 
efficient and clean power sources. While Li-ion batteries are considered the most promising 
power source of choice for electric vehicles and small electronic devices, redox flow batteries 
can be used as energy storage for integrating the renewable energy resources into the electric 
grid. Their energy storage capacity with high scalability and decoupled control of energy and 
power make them an ideal candidate [1]. The key issue associated with flow batteries is the 
crossover of energy components between an anolyte and catholyte, and to overcome this problem 
in order to increase the capacity as well as the lifetime of the battery, ethyl viologen-based 
crosslinked polymeric colloids are synthesized as electroactive materials, which have been 
reported as an efficient and reversible charge transporter. This advantage of this material in terms 
of charge and/or energy transfer is associated with the rapid self-exchange of electrons between 
neighboring redox moieties attached to the polymer backbone, which could be explained by the 
Dahm-Ruff equation. Though the process was proven theoretically, no one had reported this 
phenomenon using imaging techniques [2] 
Another material that is drawing attention in bioanalytical chemistry, molecular devices, 
display technologies, and single molecule detection fields recently are molecules whose 
fluorescence can be switched using an external stimulus. Though these molecules were 
discovered decades ago, the field of electrofluorochromism could be considered as a new 
research area in which the fluorescence switch is done electrochemically. The number of 
materials which lie in this category is limited to certain dyes, biomolecules, and a few kinds of 
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conjugated polymers [3]. In this study, the intrinsic electrofluorochromic property of the 
aforementioned viologen-derivatized redox active colloids were exploited, and visualization of 
electron transfer among redox active colloid monolayer was reported. The system consisted of an 
airtight electrochemical cell on a planar glass slide compatible with in-situ fluorescence 
microcopy. Having an apparent contrast and quantitative nature, the fluorescence microscopy 
allowed to have high image quality combined with advanced particle tracking technique; thus, 
the unique dynamics of the contact-mediated electron transfer was observed directly. This 
system also showed a higher than hundred-fold increase of the sensitivity to fluorescence 
quenching. This amplification was examined more thoroughly, and it was attributed to electron 
hopping among pendant viologen groups.  
The unique power of this multi-model characterization is used to extract both the intra- 
and inter-colloid charge-transfer diffusion constants (DCT), since the lateral redox reactions can 
be evaluated as quasi-diffusional process. It is important to note that these two parameters were 
never discernible via analytical electrochemical techniques based on previous studies. This work 
could be the first to present the numerical value of inter-colloid DCT. The orders of magnitude for 
DCT received from the imaging data are consistent with the previously reported ones.  
Finally, yet importantly, a tidal pattern of the fluorescence reviving behavior, which 
corresponds to the oxidation step, for the colloids residing on the working electrode, was 
observed. This fashion differs from that of fluorescence quenching in the reduction step. Charge 
transfer mobility between RAC and the working electrode was obtained by using the previously 
reported heterogenous electron transfer rate k0. A comparison of electron transfer rate between 
the colloid-colloid and colloid-metal, showed that the electron hops even faster among pendant 
viologen groups than the colloid and metal. This again indicates a remarkable charge transfer 
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ability of this energy storage component and points out the fact that there is an energy/electron 
relay going on during the flow battery cycling.  
1.1 Redox Flow Battery Background 
 
Redox flow batteries (RFB) were initially studied by NASA as stationary energy storage 
systems. Following that, other research was done using different redox systems, such as 
chromium – titanium, and iron – chromium. In early 1984, Vanadium Redox Flow Battery 
(VRFB) was proposed, and in 1996, VRFB was the first type of flow battery that was 
commercialized [4].  
The system is relatively simple, consisting of two external tanks, which are filled with 
active species in different oxidation states. The two electrolytes, namely anolyte and catholyte, 
make the oxidation and reduction reactions possible and the fluids are separated by a membrane, 
which isolates the high and low potential redox species compartments. The electrolytes in 
compartments store the energy chemically and are pumped through the cell stack and the 
electron transfer reactions occur at inert electrodes [5] (Figure 1). Separation of the 
compartments hinders crossover of redox active species, which leads to a high electrolyte ionic 
conductivity for reducing losses due to resistance to current flow. Having an independent power 
and energy capacity is one of the most prominent aspects of RFBs. In this system, the power is a 
function of the rate of reaction at each electrode, the number of individual cells within a battery 
stack, and the total surface area of the electrodes, while the energy storage capacity depends on 
the storage capacity and concentration of the electrolytes [6]. Due to its plain design, increasing 
its power output or energy capacity is not difficult. For instance, just by using higher volume 
electrolyte tanks, energy capacity can be boosted [7]. RFBs have long life cycles (10,000 – 
16,000 cycles) and low costs, the system also needs low maintenance. These advantages of RFBs 
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draw attention of researchers and make RFBs suitable candidates for large stationary storage 
applications (Electricity Storage Association, 2010). 
Today, the VRFBs are the most outstanding flow battery with the highest energy density 
containing electrolytes that have vanadium ions dissolved in a water-based solution. The other 
advantage of the VRFBs is that the ions are stable and can be cycled through the battery 
repeatedly without creating unwanted species.; however, vanadium is expensive and its energy 
density is lower when compared to lithium ion batteries due to the low solubility of active 
materials in electrolytes [7].  Some applications of VRFB is as listed below: 
- In Japan, a 170 kW/1 MWh VRFB was used for wind turbine output power 
stabilization at Hokkaido Electroc Power Wind farm in 2001, 
- SEI built a 500 kW/5 MWh VRFB for peak shaving at Gwansei Gakuin University, 
Japan 
- A combination of photovoltaics and a 60kW/300 kWh VRFB was installed for 
providing the power to the R&D building of Rongke Power [8]. 
There are a few more limits hindering redox flow batteries other than their relatively low 
energy density. The size of the electrolyte storage tanks is considerably large compared to other 
batteries [5]. The other problem is that the tendency of redox active ions to cross the ion 
conductive membranes, which could lead undesirable reactions and a change in the concentration 
of the electrolytes [6]. 
Recently, the interest in organic-based redox materials in nonaqeous electrolytes are 
increasing due to their controllable molecularly properties and higher solubility of various 
materials in organic solvent [10]. Furthermore, while aqueous electrolytes are limiting the energy 
density remarkably due to the electrochemical stability window of water, non-aqueous 
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electrolytes offer a wider potential window of operation and thus a higher energy density [9]. 
One of the drawbacks is the small size of the organic redox active materials, which makes them 
permeable through the membrane. Lower ionic conductivity of non-aqueous electrolytes, high 
electrolyte/separator resistances, low utilization, and chemical instability could be considered as 
other disadvantages of non-aqueous systems. Although non-aqueous system has its 
complications, the energy densities of organic-inorganic non-aqueous flow batteries are 
comparable to that of commercial aqueous systems. There are many redox active species and 
electrolytes that can be used in this system, such as closed-shell organic molecules including 1,4-
dimethoxybenzene derivatives, 2,2,6l6-teramethly-1-piperidinylxy (TEMPO), N-
methylphthalimide, and poly(vinylbenzyl ethyl-viologen) [9,10, 11] 
 




1.1.1 Redox Active Poly(vinylbenzyl ethyl-viologen) Flow Battery  
 
The purpose of an ion exchange membrane (IEM) is to allow transfer of ions from the 
anode to cathode while hindering cross mixing of the positive and negative electrolytes. The 
most commonly used membrane material in VRFB is perfluorosulfonic acid polymer, also, 
known as Nafion. Their relatively low ion selectivity, decreases the efficiency of VRFB, though 
they demonstrate both high proton conductivity and chemical stability and due to this drawback 
researchers are seeking for cheaper and more efficient membranes. There are few other 
membranes in the literature, which are mainly aiming the lower permeability, as pore filled 
IEMs, perfluorinated membranes, nafion/inorganic hybrid membranes, and nafion/organic 
membranes [8]. Another solution to this problem is to utilize size selective membranes instead of 
ionic-selective ones, which was introduced in aqueous vanadium redox flow batteries [10]. This 
type of membranes separates the active larger vanadium ions, and transport protons with the help 
of pore-size exclusion [9]. Some improvements of the size-selective membranes have been done 
promoting complex designs of them. However, the performance could be increased by adjusting 
the size of the redox-active species, instead of emphasizing the membrane design. The redox 
active poly(vinylbenzyl ethyl-viologen) was exploited to serve this purpose, which provided size 






Figure 2 Chemical structure and reduction mechanism [10] 
 
 
The viologen based polymer demonstrated a good solubility in non-aqueous electrolytes, 
2.9 M and 2.1 M in acetonitrile, for 21 kDa and 319 kDa polymer, respectively. The bulk 
electrolysis results were done using 0.1 M LiBF4 in acetonitrile supporting electrolyte solution 
showed that RAPs had two reduction peaks, (2+/+) at -0.7 V, and (+/0) at -1.2 V; the oxidation 
reaction (+/2+) occurred at -0.6V (Fig 3.)  In their experiments, the concentration of RAPs was 
10mM of repeating units in acetonitrile and Ag/Ag+(0.1 M AgNO3) was used as reference 
electrode. There is no clear dependence on molecular weight observed in terms of redox 
characteristics, and the monomer also displayed same redox potentials, supporting that the 
polymer backbone does not play a role in electrochemical interaction of viologen motifs. 
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Overall, it was observed that the polymer exhibited a reversible electrochemical reaction, with 
crossover values as low as 7% and facile electron transfer [10] 
 
Figure 3 Cyclic voltammograms of different molecular weights of RAPs ( v = 100mV/s) [10] 
  
 
Figure 4 UV-Vis Absorbance spectra of RAPs and monomer in acetonitrile [10] 
 
1.1.2 Redox Active Colloid Flow Battery 
 
Since the aim for lower crossover of redox species is extremely important, the search for 
a more suitable redox material is crucial. For that intention, redox active colloids (RACs) were 
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reported, which stored energy efficiently and reversibly. The interest in RACs is increasing in 
fields such as electrochromic devices, redox sensors, and catalysts due to their electron charge 
transfer ability in discrete units. These colloids were synthesized from cross-linked colloidal 
poly(vinylbenzyl ethyl viologen) (RACs 1−3) which were in different sizes as following; 80 ± 
11, 135 ± 12, and 827 ± 71 nm respectively and it is important to note that their size was 
increased 1.7 – 2.2 magnitudes in acetonitrile due to swelling. The particles displayed a better 
solubility in acetonitrile leading to a faster access to charge, and this was why acetonitrile was 
preferred as the solvent. The crosslinked structure of RACs distinguishes them from RAPs in 
terms of their size which might make them a better candidate for flow batteries because of their 
larger size decreases crossover of species [2].  
According to the study that was conducted by Kaufmann and Engler, polymers with 
redox pendant groups carry the charge by electron hopping process between oxidized and 
reduced sites within the structure. Though this mechanism may be used for polyelectrolyte films 
where ionic redox groups are combined by ion exchange, molecular diffusion of the 
electrostatically bound ions contributes the charge transfer in a different way. Dahms proposed 
another procedure that applies for both charge propagation in aqueous solutions of redox couples 
[27].  Dahms showed that the diffusion constant, which measured for ions taking part in electron- 
self exchange reactions, could be increased by the electron hopping between redox ions in 
solution and Raff improved this idea further, and introduced the following equation that would 
help measuring the diffusion constant even when there is no electron self-exchange reaction: 
 





D: Total diffusion coefficient, 
Dphys: Physical transport of redox species, 
kex: Self-exchange rate constant, 
δ: Distance between neighboring redox centers, 
DCT : Charge transfer diffusion coefficient [12] 
 
The cyclic voltammetry results of RACs monolayer supported a pendant to pendant 
group long range charge transfer as explained by Dahms – Raff relationship. Several 
measurements and calculations were made using the equation and corresponding CV plots, and 
as conclusion, it was claimed that, DCT was increasing with bigger diameters of RAC probably 
because of the higher surface area exposed to electrolyte (DCT values for concentrations below 
2M varied within 10-11 to 10-12 cm2/s.) The CV experiments done in static conditions using 
10mM viologen concentration showed that the RACs exhibit a chemical and electrochemical 
reversibility. Also, the CV results were correlating with the RAPs. For the investigation of 
charge storage capacity and stability of viologen based RACs, bulk electrolysis non-aqueous 
redox flow battery (NRFB) experiments were done. The results indicated that 135 ± 12 nm 
particles (RAC 2) had the highest capability of cycling reversibly and had access to 91 ± 3% of 
the theoretically accessible groups, which had Coulombic efficiency of 99 ± 1% over 50 cycles. 
Side-product contamination from the counter electrode compartment or RAC adsorption on glass 
frits might be the reason of a small capacity access decrease after reaching 50 cycles. Prototype 
NRFB experiments were run to test how they work in a real flow cell. Cross-linked colloidal 
poly(vinylbenzyl chloride) were functionalized with a ferrocene monomer and used as active 
species in catholyte while 88 ± 11 nm (RAC 4) particles were used in the anolyte, and a 
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commercial Celgard 2325 was used as separator membrane. The system displayed promising 
results in terms of its reversibility and Coulombic efficiency, which was measured as 94 ± 4% 
over 11 cycles at c/20 (43 μA/cm2) and volumetric flow of 5 mL/min. Also, the flow cell showed 
high electrochemical performance over 90%.  
Overall, the experiments proved that viologen based RACs were adequate candidates for 
flow batteries when compared to other organic small molecules, some organometallic 
complexes, and some polymers [2]. 
 
1.2 Electrofluorochromic Systems 
There is a growing interest in molecules which are able to switch their fluorescence by 
external stimuli in the fields of bioanalytical chemistry, molecular devices, display technology 
and single molecule detection, etc. Though these materials are commonly studied, the rare term 
“electrofluorochromism’’ refers to the systems that switch their fluorescence through redox 
reactions by electrical biasing. This extraordinary feature could be observed only in a few 
numbers of molecular species among which lie certain dyes, biomolecules and a few kinds of 
conjugated polymers.  
The first study fluorescence switching dates back to 1968, where Chopoorian (et al.) 
irradiated, and heated a film of MoO3 in oxygen in inert atmosphere and observed a change in its 
absorption peaks as well as its color [13]. Following, many other electrochromic systems were 
studied, using either inorganic or organic components [14]. However, the devices where the 
fluorescence switch was done through electrochemical stimuli has been neglected. In the 90s, a 
few groups tried to accomplish it, but mainly chemical oxidants were used to convert the 
substances. In early 2000s, Lehn et al. used quinone redox state to detect fluorescence switch of 
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a ruthenium-bipyridine complex [3]. Until 2004, no group reported an intrinsically electroactive 
fluorophore material, but Levillain et al. was able to use fluorescence to monitor the 
electrochemical switching of perylene dipentylimide [15].  
The electrofluorochromic devices (EFDs) include a electrofluorochromic material 
controlling the fluorescence emission wavelength or intensity in which either an internal electron 
transfer or energy transfer taking place between a fluorescent core and a redox-active unit. Also, 
this could be attributed to an intrinsic fluorescence change of the material. The working 
mechanism of the EFD can be classified in three sub-groups, which depends on the distance 
between the fluorescent core and the electroactive moiety. (Fig 4) Best fit materials for the first 
type are tetrazine derivatives where a reduction potential quenches the yellow emission of the 
neutral-state tetrazine to its anion radicals. The process of electrofluorochromic (EF) switch is 
reasonably reversible because of the high electrochemical stability of tetrazines [19]. 
In the second category, the electrochemically controlled fluorescence energy may be 
transferred in an EFD by external electroactive quenchers. The EF contrast in Type II is different 
from the Type I, because the fluorescence switch occurs with the energy transfer between the 
fluorescent and external quencher and the quenching efficiency depends on the efficiency of the 




Figure 5 Three different groups of electrofluorochromic materials and examples [16] 
 
Type III mechanism is explained as color or fluorescence intensity change through 
electrochemical redox reaction. Since electrochemically active polymers can be coated on 
electrodes, imaging the change of fluorescence is easy, and it is switched by 
electrofluorochromism. Furthermore, since the energy transfer in the film state is efficient, the 
fluorescence switch becomes more pronounced, which is another advantage of Type III [16]. 
1.2.1 Key Factors in Electrofluorochromism  
 
Electrofluorochromism can be detected as a fluorescence signal or displays from an EFD. 
A typical EFD consists of a transparent working electrode, a counter electrode, and electrolyte 
[17] (Fig 6). This device is resembling the structure of an ordinary electrochromic systems. One 
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of the earliest use of the device dates to 1990s, Lehn et al. conducted a study based on 
fluorescence ON/OFF switch of a ruthenium-bipyridine complex [18]. Though some 
electrofluorochromic studies were reported in the early stage, none of them were visualized since 
they were investigated on the molecular scale until Kim and Audebert introduced the first 
electrofluorochromic window [16].  
 
Figure 6 A typical electrofluorochromic device [18] 
 
The key factors that are being used to determine the electrofluorochromic characteristics 
are as follows: 
- Emission wavelength, 
- Long-term stability, 
- Contrast ratio, 
- Emission wavelength, 
- Switching efficiency. 
The working potential corresponding to the fluorescence change is also an important 
parameter that is received from CV data. A reference electrode could be introduced to the system 
to have a more precise working potential [20]. The contrast ratio is the ratio of the emission 
intensity at ON state to OFF state which can be defined as ION / IOFF. Long term stability is 
determined by applying the voltage to switch on/off the EF material for many cycles, and the 
intensity decrease over cycles shows the durability of the system [17]. 
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Switching efficiency (EEF) is obtained from the quantitative analysis of the system where 








Since the amount of electrofluorochromic materials in the system can be calculated, the 
total amount of charge (QTotal) needed to fully quench the fluorophore is used to determine the 
percentage of the electro-switched material from the following equation:  




There are two ways that quenching can happen; electron transfer-based or energy 
transfer-based. A change in the redox state of the electroactive pendant group may quench the 
electrofluorochromic material, which determines the emission of fluorophore [16] 
If the quenching occurs through electron transfer mechanism, photo-induced electron 
transfer (PET) is usually the case which is quite popular in sensing applications [21]. The 
electroactive material performs either as electron donor or acceptor. An electron will excite to 
the lowest unoccupied molecular orbital (LUMO), when the fluorophore absorbs a photon. An 
electron rich electroactive group can donate an electron into the half empty highest unoccupied 
molecular orbital (HOMO) of the excited fluorophore resulting in quench of the fluorophore by 
hindering fluorescence emission. On the other hand, the electroactive group can accept an 
electron from the LUMO of the excited fluorophore which will impede the fluorophore returning 
to its ground state [17] (Fig 7). 
Upon having an overlap between emission spectrum of the excited fluorophore and 
absorption spectra of the redox group, non-radiative energy transfer via long-range dipole-dipole 
exchange will cause quenching and the most recognized example of this transfer is Forster 
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Resonance Energy Transfer (FRET) [3]. Furthermore, the distance between two components has 
to be under 10 nm, and the donor and acceptor must have an almost parallel dipole orientation 
[16]. In some cases, FRET is not allowed, instead, a short range (1-10 Å) Dexter energy transfer 
will occur due to the orbital overlap [17].  
 





















CHAPTER 2: METHODOLOGY 
2.1 Fabrication of Platinum Electrodes 
For the in-situ confocal microscope experiments coupled with electrochemical 
measurements, a three-electrode system was needed. For that, the design of a two-electrode 
device was adopted from a previous publication, where two Pt electrodes was coated on a glass 
slide, and the reader could be directed to the original paper [26]. As a third electrode, Ag/AgCl 
paste was used (Fig. 13).  
The devices were fabricated on 75 mm × 50 mm glass slides. The glass slides were 
cleaned by acetone, IPA, deionized water and IPA in sequence and dried by blowing nitrogen 
gas. The glass slide was then dehydrated on a hot plate at 110 °C for 5 minutes. Photoresist 
(AZ5214E) was then spin coated onto the glass slide with spin speed of 3000 rpm for 30 s. The 
glass slides were then baked on a hotplate at 110 °C for 1 min and then exposed under UV light 
for 9 s and developed using AZ917 for 55 s. The glass slides were immediately immersed in a DI 
water bath for a few seconds and then blown with nitrogen gas. After development, the inversed 
image of the electrode was already visible to eye and the devices were baked on a hotplate at 110 
°C for 3 minutes before electron-beam deposition. 50 nm Pt was deposited as the electrode 
materials together with 5 nm Cr as adhesion layer. Devices were then immersed in an acetone 
bath and sonicated to fully dissolve extra photoresist.  
2.2 Preparation of the In-situ Device  
The fabricated device with two Pt electrodes were washed with acetone, isopropanol, DI 
water, and isopropanol, respectively and dried under N2 flow. Prior to dip-coating procedure, the 
device was immersed in a piranha solution (H2SO4/H2O2 in a volume ratio of 3:1) and boiled for 
2 minutes to remove any organic surface contamination and to make the glass surface 
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hydrophilic. Following that, the substrate was rinsed with DI water and N2 flow was applied for 
drying.  
To prepare the counter electrode, carbon black, super P (99% from Alfa Aesar) and 
poly(vinylidene fluoride) (PVDF) (from Sigma Aldrich) were mixed with few drops of N-
Methylpyrrolidone (NMP) (99% from Sigma Aldrich) using a pestle and mortar for 20 minutes. 
Then a small piece of slurry was placed on one of the Pt electrodes and the substrate was heated 
at 205°C for 45 minutes to make sure of NMP removal. After letting the device cool for 10 
minutes, Ag/AgCl (65:35 from Creative Materials) was pasted on the device as reference 
electrode and cured 30 minutes at 175°C (Fig. 13).  
2.3 The Self Assembled RAC Monolayer and Redox-active Polymer Film Preparation  
 
The 5 mM effective repeating unit concentration for dry RAC was prepared in 10ml 
ethanol and sonicated 1 hour prior to the monolayer assembly (Fig. 8). The dry state size of RAC 
used in the solution was 950±32 nm which was measured with SEM (Fig. 14). Using a pipette, 2 
ml of this RAC solution was slowly added on a glass slide which was dipped into water in a 
tilted position (Fig.9). The glass slide was washed with piranha solution prior to the RAC 
monolayer preparation to have a hydrophilic surface. After adding the RAC solution to the water 
surface, the system was rested for 15 minutes before dip-coating for allowing ethanol to 
evaporate. The substrate was vertically dipped into the solution and withdrawn slowly until the 
entire sample is pulled out of the suspension (Fig 10). To vaporize the water residing on the 
substrate, the sample was placed in an oven at 70°C for 2 hours. Following, to have colloids only 







Figure 8 RAC in dry state and the solution prepared with ethanol 
 
 















A solution 0.1g RAP (348 kDa) in 2mL acetonitrile was prepared for making the RAP 
film. Using this RAP solution, a RAP film was spin coated on the working electrode with 500 
rpm, for 20 seconds and during the process the solvent was evaporated.  
 
Figure 12 Redox active Polymer on the top and Lightly-crosslinked Redox Active Colloids at the 
bottom [2] 




Figure 13 Photograph of the Device 
 
After RAC monolayer and/or polymer film deposition, the 3-electrode patterned substrate 
was enclosed with a 120µm polymeric spacer. 0.1 M LiBF4 supporting electrolyte (dissolved in 
acetonitrile) was filled inside the spacer and a 0.17mm cover slip was placed onto the spacer. 
Finally, the chamber was sealed with epoxy in a glove box to prevent O2 contamination during 
imaging and cyclic voltammetry experiments. The colloids were pinned down on the working 
electrode even under the influence of flowing liquid electrolyte due to the interactions between 
RAC and Pt.  
2.4 Characterization of Redox Active Colloids 
 
Redox active colloids and redox active polymers (348 kDa) were synthesized by the 
Moore group. For the synthesis of RAP, a mixture of poly(vinylbenzyl chloride) (PVBC) and 
ethy viologen in dimethylformamide was heated, and anion exchange with ammonium 
hexafluorophosphate was done. Finally, the product was isolated and purified via precipitation 
[10] (Fig. 12). 
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Functionalized RAC were prepared from crosslinked colloidal poly(vinylbenzyl chloride) 
(xPVBC) and respective pendants ethyl viologen. Functionalization was done via heating 
xPVBC with the pendant monomer precursor in a mixture of tetrahydrofuran and 
dimethylformamide and purification was done with centrifugation as the final step [2] (Fig. 12).   
Scanning Electron Microscopy images were taken with Hitachi S4700 showing that the 
dry state diameter is 950±32 nm from the average of 50 particle (Fig. 14). When the RACs are 
dispersed in acetonitrile (ACN), they were studied by Dynamic Light Scattering (DLS) and 









The spectroscopic properties of the RAC were subsequently investigated. When the 
pristine RACs dispersed in ACN were excited by a 488nm laser, the emission spectrum peaked 
around 570nm. An excitation scan of the same sample revealed the most pronounced emission 
intensity when excited at 460nm (Fig. 16b). The confocal imaging (Zeiss LSM7 Confocal 
microscope) on both monolayer RAC (Fig. 15) and dispersed RAC (Fig 16b), provides a static 
picture of the closely-packed colloids as well as their Brownian motion in the solvent to exhibit 
the dynamics inside the flow-battery system. Reduction of RAC particles with zinc powder in an 
inert atmosphere led a color change from yellow (EV2+) to purple (EV+) due to electrochromism 
of ethyl-viologen molecules [34]. A significant fluorescence gradient under excitation of 488nm 
laser were observed between the outer contour of the reduced part, where those RACs got 
oxidized first through O2 diffusion, and the inner contour (Fig. 16c and 16d). Photoluminescence 
(PL) data on both redox states and blank sample indicated a marked fluorescence contrast. This 
difference in fluorescence emission contrast was used as an indicator for the colloid state of 
charge, with the fluorescence ON coupled with oxidation and OFF linked to reduction. Since 
confocal microscopy has several advantages including increased optical resolution and contrast 
of a micrograph thanks to a spatial pinhole to block out-of-focus light in image formation, it is a 
more decent technique than conventional wide field microscopy.  





Figure 15 Fluorescence Imaging of RAC Monolayer 
 





CHAPTER 3: RESULTS AND DISCUSSION 
3.1 Cyclic Voltammetry Experiments Coupled with in situ Fluorescence Microscopy 
 
CV was done on RACs which were placed on the working electrode (Fig. 17) with a scan 
rate of 20mV/s, and fluorescence emission was examined with a 40X objective lens. The results 
showed a quasi-reversible electrochemical reaction over five cycles with a 200mV peak 
separation between reduction and oxidation peak which might be due to large resistance of the 
device exhibited by the reasonably evident linear V-I relationship preceding the peaks. Since the 
viologen species had a small reorganization energy compared to other redox active polymers 
[22], the heterogenous electron transfer rate constant k0 was high (10-4 cm/s). This was showing 
that the quasi-reversibility was not caused by kinetic limitation. The synchronized movie 
between the CV plot and the confocal imaging indicated that as the colloids received electrons 
their fluorescence signal turned off. Further, when the potential direction reversed, the colloids 
revived the fluorescence along with the electron withdrawal (Fig. 18). This could be interpreted 
as a rapid electron transport process happening inside the crosslinked polymeric network of RAC 
which was an evidence of intra-colloid electron hopping visualization. And the ensemble 
fluorescence intensity ON/OFF ratio in the field of view was exhibited to be stable along with 
the cycles (Fig. 19), which was ascribed to the fact that the time needed for electrons to hop back 




Figure 17 Cyclic Voltammetry Plot of RACs 
 
 





Figure 19 Fluorescence Intensity and Charge-Input in the Field of View 
Considering Butler-Volmer kinetics (Eq. 1) explaining that when the overpotential (E-E0) 
is small the reduction current will be respectively small, which means during the same time 
interval the electron input will be few, an interesting result were observed [39]. Though the 
fluorescence quenching already happened at the point II in Fig. 17, the fluorescence revival 
occurred at the tail of the oxidation step (point IV), instead of point III which signified the 
maximum rate of electron dumping. The reason of early-on ‘’OFF’’ and delayed ‘’ON’’ behavior 
of fluorescence emission was an amplification of the sensitivity to fluorescence quenching in 
RAC system. This behavior was reported by Whitten et al. in a conjugated polymer system and 
photophysical experiments showed that one quencher molecule can quench monomer repeat 
units through forming a weak [polymer (-)/quencher (+)] complex followed by ultrafast electron 
transfer from excitations on the entire polymer chain to the quencher [23]. Though the RACs did 
not have a conjugated system, the rapid self-exchange electron hopping between adjacent 
viologen moiety also elicited a large charge transport mobility, thus it was worth to investigate 
further.  
 
                                                                                                                                                                         
                                                                                               Eq. 1                                                                                   
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Incremental quenching of fluorescence of PL experiments were done on 1×10-2 M 
oxidized RACs via photoluminescence by chemically reduced ethyl-viologen monomer in 
acetonitrile (Fig. 20). The excitation light source was 488nm, and 570nm emission was received. 
The intensity of emission diminished drastically even after a small amount of reduced monomer 
was added (8.19x10-5). The quencher concentration against (I0/I)-1 plotted (Fig. 21) to see if the 
quenching followed a conventional ‘’Stern-Volmer’’ relationship [33]: 
Io/I = 1+Ks[Q]  
Ks: The quenching constant 
The quenching constant was calculated from the slope of the plot in Fig. 21 which was 
around 4.1×104 M-1, and compared to the typical quenching constant with an order of magnitude 
around 101 M-1. Another calculation also pointed that some 350 pendant groups in the RAC 
system could be quenched by one reduced ethyl-viologen monomer. This can be explained by 
the fact that the small molecules can easily penetrate the quite swollen colloidal particles in 




Figure 20 Photoluminescence data for stepwise quenching of the fluorescence of 10-2 M (repeat 
units) RAC by reduced monomer ethyl viologen in acetonitrile 
 
 
Figure 21 Stern-Volomer plot 
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As mentioned in the first chapter, there are two well accepted fluorescence quenching 
ways that explain the mechanism. Since the reduced monomer had more electrons and acted as 
the quencher, an adjacent oxidized pendant group might receive an electron to its HOMO, which 
would cause the inhibited relaxation of the LUMO excited electron back to HOMO resulting in 
quenching the fluorescence emission. The process was so fast that the extra electron of reduced 
monomer could quench hundreds of adjacent ones within the fluorescence lifetime of one single 
oxidized species. For FRET or Dexter mechanism to happen, a notable spectral overlap between 
the donor and acceptor molecule is needed, which is not the case with the RAC (Fig. 22). 
Besides, it could also be explained by that the reduced RAC did not absorb or get excited from 











3.2 Chronoamperometry Experiments of RACs 
Chronoamperometry experiments were done on the RAC monolayer assembled on the 
working electrode. The colloids on the Pt electrode showed a brighter image than that of on the 
glass substrate due to the reflection amount of light coming from the metallic surface. It should 
be noted that the colloids residing on the gap (between the reference and working electrode) 
could only gain/lose their fluorescence via interparticle electron transfer, while the particles on 
the electrode received/gave electrons to both electrode and the adjacent ones. As expected, the 
fluorescence of the RACs on the WE simultaneously quenched when the WE voltage was held at 
-0.8V vs the Ag/AgCl pseudoreference electrode since they were in direct contact with the Pt. 
Subsequently, the fluorescence disappeared gradually towards to the gap which was attributed to 
inter-colloid electron hopping visualization (Fig. 23).  
 
Figure 23 Chronoamperometry on Monolayer of RAC at three different times (0.0 s, 275.0 s, and 
580.0 s). The area on the left of the red line shows the Pt electrode.  
 
The observation of the electron hopping from one colloid to an adjacent one, which was 
indicated before as there would be an electron and/or energy relay in a real flow battery based on 
RAC chemistry, demonstrated that for energy transfer to happen, the particles were not needed to 
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be in contact with the electrode [2]. The lateral electron transfer was treated as quasi-diffusional 
behavior to have a quantitative approach to the electron transfer dynamics. 1-d random walk 
model was implemented for the fluorescence front propagation behavior.  
𝑑2 = 2𝐷𝑡  
The in-situ imaging result showed that within 500s the front diffused to the length of 
9.079um beyond the working electrode, so the apparent diffusion coefficient could be calculated 
to be 𝐷𝑎𝑝𝑝1 =
𝑑2
2𝑡
 = 8.24×10-10 cm2/s. It is also crucial to note that there was a lateral electron 
transfer length limit, which was at ~9.0 µm from the periphery of the electrode. After several 
repetitions of the experiment, around the same length limit was detected, which might show that 
the reason was not residue traces amount of oxygen intercepting the electron transfer. According 
to the original Dahms-Ruff Equation, it was hypostasized that the driving force for the electron 
hopping was predominantly concentration gradient plus minor migration effect caused by 
pendant group electrical potential difference. However, the length limitation of the fluorescence 
disappearance might contradict the theory and pointed out a distance dependence of electron 
hopping probability. Specifically, electron hopping between adjacent ethyl-viologen groups was 
causing an energetic loss, whether due to electron-electron scattering or electron-atom scattering. 
Furthermore, the theory for treating pendant groups as immobile might be invalid. It was 
demonstrated that two TEMPO monomer molecules could be in 2Å distance, whereas this 
distance was 8Å in the polymer structure due to the motion-restrictive polymer backbone and the 
difference between bimolecular electron self-exchange reaction rate constant, and the 
heterogenous reaction rate constant of monomer and polymer was not as big as it was suggested 
in previous theories. Thus, it was a Diffusion-Cooperative Model that would suit more to the 
physics of electron transfer in the redox active polymer system, which was also indicating that 
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the rate limiting step was the diffusion of pendant groups to approximate each other physically 
before the rapid electron hopping occurs [24]. This claim supported that the 10µm distance of 
electron hopping was predominantly contributed by the physical diffusion of ethyl-viologen 
group. This showed that the frozen model theory was insufficient to describe the actual physics 
of electron hopping happening in the RACs system [30]. The fact that this polymeric network 
could not function as a soft matter-based superconductor, the idea of Brownian motion of 
electrons without an energy loss seemed to be unreasonable.  
It is also important to mention about an interesting behavior that was observed during the 
CA experiments of RAC monolayer. In the oxidation step, the fluorescence revived in a 
propagated fashion on the electrode, instead of a simultaneous revival, meaning that lateral 
transportation of electrons between colloids and vertical transport rate of electrons from one 
colloid to the metallic electrode were not that off, if not equivalent. It was an unexpected feature 
since one would think that the charge transport mobility between ethyl-viologen and the 
electrode could not be smaller than that of among pendant groups themselves (Fig. 24).   
 
Figure 24 Fluorescence Revival Propagation (Right side of the red line is the electrode) 
 
Assuming that the area between colloid-colloid and colloid metal, the Einstein relation 








, by plugging in Dapp1 and Dapp2, it was possible to calculate the inter-colloid charge transfer 
mobility to be µ1= 1.961×10
-9 m2/(s·V), and intra-colloid charge transfer mobility µ2 =3.206×10
-
12 m2/(s·V). When it comes to the mobility between the pendant groups and Pt electrode, 
previously reported value of heterogeneous electron transfer rate k0 of poly(benzyl-ethyl 
viologen) was used, which was 10-4 m/s [22]. The charge carrier mobility could also be acquired 





Since the Debye length of an ionic strength of 0.1M (LiBF4 in acetonitrile) was 0.96nm, and the 
applied oxidation potential was +0.2V, F was estimated 0.2V÷ (9.6×10-9m) =2.083×107 V/m and 
µ3 calculated as 4.8×10
-12 m2/(s·V) [32]. The result was showing that the charge transfer mobility 
between colloid-metal was around the same as the inter-particle charge transfer mobility, and 3 
orders of magnitude smaller than the intra-colloid charge transfer mobility and the findings were 
matching with the fluorescence imaging data [31]. 
3.3 Chronoamperometry Experiments of RAP Film 
 
A further CA experiment were done with polymeric film spin coated on the working 
electrode, in order to make a comparison with the RAC particles. RAPs had the same chemical 
structure down to the repeating unit with a molecular weight of 318 kDa. By holding the 
potential at -0.8V, a 50.2µm fluorescence quenching length distance from the periphery of the 
working electrode was measured within 25 seconds (Fig 25). From that result, the apparent 
diffusion coefficient was calculated to be 𝐷𝑎𝑝𝑝2 =
𝑑2
2𝑡
 = 5.04×10-7 cm2/s, which was consistent 
with the previous reports [2]. In a comparison to the Dapp1, which was the inter-colloid charge 
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transport diffusion coefficient, Dapp2 was 3 orders of magnitude larger than Dapp1, which 
implied that electron hopping between colloids would be the rate-determining step during the 
entire lateral transport process. This makes sense because the contact area between two colloids 
was tiny, and considering the random walk concept of the physical picture, the probability of 
electrons passing through from one colloid to another should scale with the contact area between 
those two. In other words, the narrow passage bridging two colloids led a smaller apparent 
diffusion coefficient than that of polymer film. Hence, it was plausible to say that using Dapp2 
for intra-colloid kinetics was possible since electrons only hop intra and inter chain in one single 
colloid.  
 
Figure 25 Chronoamperometry on RAP film at three different times (0.0s, 10.0s , and 25.0 s) 
 
3.4 CV Measurement under Non-Percolating Scenario 
 
The purpose of this experiment was to strengthen the idea of contact-mediated/initiated 
energy transfer. By drop-casting low concentration (3mM of effective repeating unit 
concentration) onto the device, isolated clusters of RACs, which were not in contact with the 
WE, were introduced (Fig. 26). Chronoamperometry experiments were conducted at -0.8V and it 
was quite evident that the isolated clusters stayed bright throughout the experiment, which meant 
that the only way for electrons to move outside of the electrode was a direct contact with the 
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neighboring colloids. And it also showed that there was no other small molecule mediator 
existing in the system.  
 
 
A)                                                                          B)                                        
Figure 26 In-Situ Fluorescence Imaging of Non-Percolated Colloids. Red line shows the 
periphery, where right side is the electrode, the left side is glass slide.  A) The initial state. B) At   
























CHAPTER 4: CONCLUSIONS AND FUTURE WORK 
In situ imaging techniques are crucial for understanding the science behind the 
engineering devices. This is especially critical when observing rare events in real time, which 
may not be easily reproducible, and yet may trigger chains of consequential follow-up events 
that significantly affect battery performance, for example, charge irreversibility. In this sense, in-
situ confocal imaging was integrated into conventional electrochemical methods, including 
cyclic voltammetry and chronoamperometry in order to visualize electron transfer process 
between the redox active polymers/colloids, which were designed to minimize crossover of 
active species between two compartments of an organic flow battery. Being able to see this 
physical process in real time made the processes more understandable compared to the 
conventional techniques. Further, it provided a much simpler way to derive the charge transport 
diffusion coefficients. The ultrasensitivity of fluorescence quenching, which was functioned as 
an examination to track the self-exchange, i.e. ultrafast electron hopping between neighboring 
redox groups. On top of that, the results demonstrated that the electron hopping consumed 
energy, provided there were atoms or other electrons to dissipate. Last but not least, a higher 
mobility between two organic molecules than between organic molecule and the metal substrate 
was observed, which could be explained by the well alignment of the molecular orbitals between 
the pendant groups, leading a lower energy barrier smaller than the Pt work function.  
A future work could include dynamic redox active colloids instead of static particles on 
the working electrode. This could help understanding more about both the soft matter physics of 
the particles and how the energy transfer occurs between two dynamic colloids, and this might 
reveal the charge carrier mechanisms in flow battery systems. To do so, surface functionalization 
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of the both glass substrate and Pt electrode surface with polymer brushes is needed and the 
reason is that Van der Waals interactions between colloids and those surfaces hinder dynamic 
motion of the colloids.  Moreover, the same system could be tried in an aqueous environment 
since understanding the charge transfer mechanism might help increasing the efficiency of 
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